New excited states in the halo nucleus °He
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Abstract

The low-lying spectroscopy of ®He was investigated via the 2-neutron transfer reaction p(*He,t) with the ¥He beam
delivered by the SPIRAL facility at 15.4A.MeV. The light charged particles produced by the direct reactions were
measured using the MUST2 Si-strip telescope array. Above the known 27 state, two new resonances were observed:
atE* =2.6+0.3MeV(widthI' = 1.6+0.4 MeV) and at 5.3+0.3 MeV with ' = 2+ 1 MeV. Through the analysis of the
angular distributions, they correspond to a 2* state and to a L = 1 state, respectively. These new states, challenging the
nuclear theories, could be used as benchmarks for checking the microscopic inputs of the newly improved structure
models, and should trigger development of models including the treatments of both core excitation and continuum

coupling effects.
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These last 30 years, the use of radioactive beams
to produce nuclei far from the valley of stability has
led to the discovery of a large variety of new phe-
nomena, which were not expected in the nuclear struc-
ture theories tested on the stable nuclei: alpha-cluster
like, halo or neutron-skin structures, low-lying resonant
states have been observed in the light nuclei close to
the neutron drip-line [1, 2]. The shell structure has
also been found deeply modified from the picture estab-
lished close to the S-stability line, with the apparition of
new magic numbers [3]. These new features have been
triggering intensive theoretical developments to explain
the change in our usual nuclear structure conceptions.
The recent highlights in our field have been the find-
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ings of the role played by the three-nucleon interaction
(TNI) in the nuclear spectra of the light nuclei [4] and
in the drip-line location [6, 5] as well as the influence
of the spin-isospin tensor term in the shell level order-
ing of the states [3] and the effects of the continuum-
coupling (CC) between bound, resonant and scattering
states in the low-lying spectra of the weakly-bound nu-
clei [7]. To understand the weak binding features of
the light nuclei close to the drip-line, these CC effects
have been investigated within various frameworks, the
Gamow Shell Model (GSM) [7, 8, 9], the Continuum
Shell Model CSM [10] or the Complex Scaled Cluster
Orbital Shell Model (COSM) [11]. However, if these
nuclear models are successful in predicting the charac-
teristics of the ground or first well-studied excited states
of the p-shell exotic nuclei, they disagree for the pre-
dictions of the other low-lying excited states. The dis-
crepancies between theories question the validity of the

September 21, 2012



microscopic inputs used for the description of the nu-
clear interactions, the various techniques adopted for the
treatment of the many-body correlations, and their inter-
play with the CC effects. In this context, the low-lying
spectroscopy of the light exotic nuclei represents a test-
ing ground to constrain the models and to check their
assumptions. It is the purpose of this article to present
our experimental study of the low-lying positive parity
excited states of the ®He nucleus and to compare it to the
predictions of the most recent nuclear theories. ®He has
neutron thresholds located at low energy (S, = 1.87 and
Son =0.97 MeV) and no bound excited state. The first
excited state is a 2* at 1.8 MeV (I' = 113 keV) [12].
%He is now well known as a halo nucleus [13, 2] and
the 2n-halo structure was intensively investigated within
few-body models [14, 2], but the positions, spin and par-
ities of the resonant states above 1.8 MeV remained to
be determined. On the theoretical side, various calcula-
tions [14, 11, 4] or No-Core Shell Model (NCSM) with
TNI [15], indicated that a series of 23, 17, O] states
should exist above the 2] state and below the triton-
triton threshold Si;¢ at 12.3 MeV, but they disagree on
the energies of these states. Experimentally, the main
results were obtained via transfer reactions, which in-
dicated resonances below Si,: and broad resonances
above. From the 7Li(°Li,”Be)°He reaction [16], a 2*
state was indicated at 5.6 MeV with aI" = 10.9 MeV
width and structures possibly (1,2)~ at 14.6 (I' = 7.4)
MeV, and at 23.3 (I' = 14.8) MeV; a broad one (I' = 4)
at 4 MeV was reported in Ref. [17], and at 18 MeV
(T = 7.7) in Ref. [18]. From the °Li(t,*He)°He reaction
resonance-like structures were seen at 7.7, 9.9 MeV and
at 5 (AL = 1) and 15 MeV [19]. No resonance except
the 2* was indicated from the ®He(p,p’) scattering at
40.9A.MeV [13]. None of these experiments was suc-
cessful to determine precisely the energy and width of
the expected resonant states. In a recent experiment at
the GANIL facility, the scattering and 1n-transfer reac-
tion of the 8He SPIRAL beam on proton [20] were stud-
ied. The (p,t) to the ®He ground state (gs) and 27 excited
state were also measured [21], with cross sections of the
order of 1 mby/sr. This 2n transfer appeared to be a good
probe to populate the possible excited states of *He with
sufficient yields, taking advantage of the low energy and
high intensity of the ¥He SPIRAL beam.

We report here the results of the (p,t) experiment car-
ried out with the ®He beam accelerated at 15.4A.MeV,
and using an improved set-up to measure at forward an-
gles the triton-particle correlations in the exit channel:
triton with either °He in case of the (p,t)’Hegs, or with
the “He particle produced in the decay of the excited
states of the ®He nucleus into “He + 2n. The beam had

no contaminant, and a mean intensity of 1.8 X 10%/s.
The target was a 50 um-thick (4.48 mg/cm?) foil of
polypropylene (CH3),. Two beam tracking detectors
CATS [22] were mounted upstream of the target to re-
construct the incident trajectories on the target. The
measured beam spot sizes were 4 and 5 mm (FWHM)
in horizontal and vertical directions, respectively, and
of the order of 0.5° (FWHM) for the angle distributions.
The identification of the particles, reconstruction of the
trajectory and measurement of the energies were done
by combining five telescopes of the new MUST2 Si-
strip array [23] at forward angles: four modules were
arranged in a square wall located 15 cm downstream of
the target, and the fifth one was at 30 cm. The light
charged particles protons (p), deutons (d) and tritons (t)
produced by the elastic, (p,p’) and 1n and 2n transfer re-
actions were measured in the wall, in coincidence with
the ejectiles focused at forward angles in the 5" tele-
scope placed behind a plastic scintillator. The first stage
of each telescope was a 300 um thick Si-strip detec-
tor with an active area of 10 x 10 cm? and 128 (X,Y)
strips, measuring the energy loss AE, the time of flight
(ToF, with reference to the second CATS) and the po-
sition. The angular resolution at 15 cm from the target
is 0.3°; the energy resolution of the Si-strips is 40 keV
at 5.5 MeV. The residual energy E was measured by
the second stage, a 4 cm-thick Csl-crystal detector. De-
pending on their energies, the particles are identified us-
ing the standard correlation techniques between AE and
ToF, and AE versus E [23].

The kinematical characteristics of the triton, total ki-
netic energy and scattering angle in laboratory (lab.)
frame, were obtained event by event. By considering the
events with t+%He or t+a coincidences, the *He(p,t) re-
actions were fully reconstructed, and the excitation en-
ergy (Ey) spectra of ®He were deduced via missing mass
method from the relativistic kinematics of the triton. We
consider here the tritons identified in MUST?2 via E-AE.
Their energies are above 11 MeV, with (p,t) kinemat-
ics corresponding to angles in the center of mass (c.m)
frame from 35° up to 150°. The kinematics and the de-
duced Ey spectra of ®He are presented in Fig. 1. These
events were collected with a total number of 1.52 x 10°
8He. The contributions of possible a-t coincidences due
to reactions on the carbon of the (CH,), target were
measured with a pure carbon target. The analysis of the
Ex spectra obtained for different angular ranges showed
that the physical background due to the reactions on car-
bon is constant in our domain of excitation energies. It
is modelled by the thick line shown in the spectra in
Figs. 2-3. The physical background was also estimated.
It is due to many-body kinematical effects of the pro-
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Figure 1: a) Kinematics of the tritons produced by reactions of $He
on proton at 15.4A.MeV; they are identified via E-AE and correlated
with « or ®He particles. The lines are the calculated kinematics for
the (p,t) reaction to the ®He gs and 2* state with crosses indicating the
c.m angles for the gs by steps of 10° and starting from 40° up to 150°.
The total solid angle coverage of the set-up is shown in b). Panels c)
and d) are the Ex spectra of ®He obtained from the kinematics of the
triton between 35 and 150¢ ,, with different conditions applied for the
coincidence of triton with ¢) °He or d)*He.

cesses producing the same particles as the (p,t) reaction,
a and t in the final state, but without involving an ex-
cited state of °He. Only 3 processes may contribute,
corresponding to the detection of t + « in the final state,
either with a 3-body kinematics : (i) t + >He + n with
the decay "He — « + n, (ii) t + a + n> with 2 correlated
neutrons, or (iii) a 4-body : t + @ + n + n with 2 uncor-
related neutrons. The main source is the contribution of
the ®He* decay into a+n-+n.

We adopted the Breit-Wigner parametrization to de-
fine the distribution of a resonance with the energy Er
and intrinsic width I'r:

1 Tr/2
n(E-ER)?+ ([r/2)> "

f(E) = (1)
The possible resonances were modelled as Breit-Wigner
shapes of width I' folded with a Gaussian function, to
take into account the spreading due to the experimental
resolution, estimated of the order of 610 up to 720 keV
(FWHM). The known resonance 2] was obtained at
1.8(2) MeV, T" = 0.1 £ 0.2 MeV consistent with the lit-
erature, and then fixed in the search at 1.8 MeV with
I' = 113 keV. The parameters of the other resonances
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Figure 2: %He Ey spectrum obtained with a gate between 70-902,
from the triton kinematics detected in coincidence with an @: (left
part) with the components of the physical background due to the car-
bon content (black curve) and to the few-body processes (a+n+n) in
exit channel (red curve); (right) after subtraction of the physical back-
ground, and analysis (in the O to 8 MeV range) with the resonances
discussed in the text.

were fitted, and the normalisation of all the peaks and
resonances were free to vary.

A structure can be considered as a resonant nuclear
state if its parameters (position and width) are conserved
within error bars, whatever the angular slice examined.
To exhibit the fit of the resonances, we first show in
Fig. 2 an example of the Ey spectrum obtained for the
angular range 70-90¢ ,,, with full statistics (left part) and
analyzed after background subtraction. This operation
was only the preliminary step to locate more easily the
resonances, in the search range between 0 and 8 MeV.
Two new possible states are indicated between 1.8 and
8 MeV. Above 8 MeV the structures are embedded in
the physical background and no resonance parameter
could be extracted consistently. The complete analysis,
to confirm the existence of the resonances, was done
by fitting the Ey spectra with the full data set (no back-
ground subtraction), for various angular slices and in
the 0 to 20 MeV range, so as to take into account the
effect of the physical background at high energies. The
resonance parameters were extracted in a kinematical
domain for which the best excitation energy resolutions
are obtained (less than 720 keV FWHM) with signifi-
cant statistics: between 65 and 150¢ ,, the Ex spectra
obtained for various small c.m gates (range of 10g,)
were analyzed to check the consistency of the extracted
parameters of the possible resonances, and the number
of these states was also varied and checked. These Ey
spectra obtained by applying the c.m. gates: [65;75],
[75;85], [85;95],[95;115]° and [115;150]° are shown in
Fig. 3 with the total slice for [65;150]°. The background
effects (black dotted curve in Fig. 3) are modelled with a
Monte-Carlo simulation including the phase space cal-
culations and the experimental response of the set-up.
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Figure 3: Analysis of the Ex spectra of °He obtained from t+a corre-
lations and for slices of the kinematics corresponding from a) to f) to
the angular ranges indicated in the frames. The data with the statis-
tical errors are indicated with the black crosses. The final red curves
are obtained by summing the background due to the carbon (blue line),
the phase space (black dotted) and the resonances (solid lines).

At excitation energies above S, the only way to re-
produce the shape of the data is to introduce two broad
structures located at 16 (width 2 MeV) and 17.3 MeV
(width 1.1 MeV) in addition to the phase space contri-
butions. Being at the limit of the kinematical efficiency,
their positions cannot be determined precisely. However
they are consistent with the broad structures reported in
previous experiments [18, 19].

The resonances in search and the total physical back-
ground contributions were included in the calculated
red curve in Fig. 3. The y? minimization between the
data and the calculated curve was considered for the
energy range between 0 and 20 MeV. A structure ob-
served around 8 MeV was not considered as a state
since it was observed for only one slice. New reso-
nances were found: at 2.6 + 0.3 MeV with an intrinsic
width I' = 1.6 £ 0.4 MeV and at 5.3 + 0.3 MeV with
'=2+1MeV.

Now, considering all the events with a triton detected
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Figure 4: Experimental cross sections for $He(p,t) at 15.4A.MeV. The
calculated curves (top panels: 2-step CRC, bottom: 1-step CRC) are
described in the text.

in MUST?2 and no forward coincidence, the angular dis-
tributions were deduced for the (p,t) to the gs, the known
27 and the new excited states of %He. The statistical
error is included within the points of Fig. 4. The sys-
tematical errors due to the target thickness, the normal-
ization, the efficiency and the subtraction of the back-
ground were estimated to the level of 11% in the case
of the resonant states, and 9% for the bound state in
exit channel (total error bar). We have obtained dis-
tributions to the new states, and the extension of the
(p.)0*, 27 up to 140¢ . First, we compare the data
for the (p,t) distributions to the gs and to the 2] state
at 15.4A.MeV with the analysis done in the coupled-
reaction-channel (CRC) framework. The previous data
set at 15.6A.MeV was obtained only for the gs and 27
states, below 80; ., [20, 21]. It was described consis-
tently within CRC calculations, the spectroscopic fac-
tors (SF) of the 8Hegs with respect to "Hes - gs and
%He(0*) and ®He(2*) were extracted, the CZS values
were 2.9, 1.0 and 0.014, respectively, with error bars of
the order of 30%. The agreement between the present
data set and the previous CRC curves confirms the ex-
tracted SFs, and the gs structure of 3He interpreted
as a mixing between the (1p3/2)* and (1p32)*> (1p1/2)?
configurations. This corroborates the a + 4n calcula-
tions [25] and the recent dineutron cluster structure dis-
cussed by the AMD theory [26].

Two-step CRC calculations including the new states
of ®He are needed to fully interpret the new data. This
would require to complete the previous CRC framework
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Figure 5: Schematic of the coupling scheme needed for the 2-step
CRC calculations: the black lines show the channels included for the
calculations of (p,t) to the gs and 2; state of ®He; the red ones are the
channels required for the new states.

discussed in Ref. [21] and to include consistently the
two new states as shown in Fig. 5. By comparison be-
tween the data and the calculations, the SF of the new
states could be inferred. However, these calculations re-
main complicated due to the interplay of the new chan-
nels. The development of this framework and the ex-
traction of the SF for the new states is in progress and
will be presented in a forthcoming article [24]. Here
we can simplify the analysis to deduce the transferred
angular momentum L of the new states, by comparing
the shape of the curves for various L; values to the data.
The 2 curves presented in Fig. 4 (top panels) are exam-
ples of Ly = 0,2 within 2-step calculations. L; = 0
can be excluded for the new states, Ly = 2 shape is
consistent only for the 2.6 MeV state. We have also
considered various L values for the one-step 0" 2n-pair
transfer between the 0% gs of ®He and the new excited
states. The curves in agreement with the shape of the
cross sections are given in Fig. 4: the (p,t) distribution
to the 2.6 MeV state is reproduced with a L;=2; this state
is a 2*. The state at 5.3 MeV corresponds to a Li=1. Of
course, such limited 1-step transfer calculation can pro-
duce only the natural parity 1~ corresponding to Li=1.
However within 2-step processes for the (p,t), the neu-
trons can be transferred sequentially, and, in this future
complete framework, this Li=1 state may correspond to
al®.

These resonances are compared to the calculations
from various theoretical frameworks: the few-body
model [14], the QMC using UIX and TNI (IL2
force) [4], NCSM with TNI (TM99) [15], the models
treating explicitly the CC of bound and scattering states
like CSM [10] and GSM [8, 9], and the Complex Scaled
COSM [11]. The inclusion of TNI force which is cru-
cial to have the correct features for the binding energy
and the 27 state is not sufficient to predict correctly the
other states, strongly affected by the CC. As can be seen
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Figure 6: Spectroscopy of ®He: comparison between our new results
with the previous experiments and with several theories, few-body
model (FewB) [14], QMC [4], NCSM [15], CSM [10], GSMa [9],
GSMb [8], and the COSM [11].

in Fig. 6, the models including the CC [8, 11] provide a
better description of the 2* states, found closer to the gs
than in the other models. The important feature of these
models is their realistic treatment of the coupling to the
continuum: the two neutrons of the halo can interact
with each other and be excited to the continuum states.
However, a complete understanding of both the posi-
tion and width of the new states is not reached with the
present version of the modern theories. Several effects
may be needed to improve the description of °He, such
as the excitations of the “He core, considered as inert
in most calculations. A promising approach was devel-
oped recently: the role of the particle-hole excitations
of “He is now taken into account in the coupled-cluster
calculations of ®He states [27]. These effects may pro-
vide new interesting findings for the properties of the
states located above the Sy, threshold.

In conclusion, the results obtained via the 8He(p,t)
reactions are the most complete ones collected for the
low-lying spectroscopy of ®He, with the evidence of two
new resonances and the measurement of a whole set of
angular distributions. The new states at 2.6 (3) and at
5.3 (3) MeV were found consistent witha 2" and an Ly =
1 state, respectively. They provide new constraints for
the nuclear models. More generally, resonant states of
the light exotic nuclei could represent benchmark data
sets for the future approaches, expected to combine the
treatment of the realistic interaction developed on the
3-body forces with the many-body correlations between
valence nucleons and continuum effects [9].
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